We investigate the electronic coupling between copper hexadecafluoro-phthalocyanine ͑F 16 CuPc͒ and epitaxial graphene ͑EG͒ on 6H-SiC͑0001͒ using a combined approach of low-temperature scanning tunneling spectroscopy and electronic structure calculations. The molecules are preferentially adsorbed on monolayer EG than bilayer EG. Competing molecule-surface and intermolecular van der Waals interactions result in two well-ordered incommensurate phases. We show that the amount of charge transfer from EG to F 16 CuPc can be tuned by applied voltage or the thickness of graphene layers. A characteristic feature at ϳ0.4 eV above the Dirac point is identified in bilayer EG, which indicates its electronic structure is modified via introducing extra unoccupied states upon adsorption.
Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, has attracted great attention due to remarkable physical properties and potential for different electronic devices since its discovery 1, 2 in 2004. To develop graphene-based electronics, one of the most critical issues is the precise control of carriers in graphene layer. Thermal decomposition of silicon carbide ͑SiC͒ yields wafer-size graphene supported on a semi-insulating substrate, making it one of the most promising methods for mass production of graphene. 3, 4 In this case, modulation of carriers in graphene can be achieved either by applying an external gate voltage 1, 5 or by chemical doping. [6] [7] [8] [9] [10] [11] [12] [13] [14] Upon adsorption of metal atoms 8, 14 or molecules, 6,7,9-13 electrons or holes are introduced to graphene via charge transfer. The adsorbates can also act as charged impurities and scattering centers, which alter the transport properties such as carrier mobility. 5 Precise carrier control in graphene requires a comprehensive understanding of the interfacial structure and interaction between adsorbates and graphene.
Here we employ a combined scanning tunneling microscopy/spectroscopy ͑STM/STS͒ and theoretical approach to study the adsorption behavior of copper hexadecafluoro-phthalocyanine ͑F 16 CuPc͒ on both monolayer and bilayer epitaxial graphene ͑EG͒ layers formed on SiC͑0001͒. Specifically, we pay attention to modification of the electronic structure of graphene by the molecule. F 16 CuPc was chosen because it is a representative -conjugated molecule and strong electron acceptor, which has widely been used in n-type organic semiconductor devices. STM/STS provide both high spatial and spectroscopic resolution and have recently been used to reveal the novel features in graphene layers on SiC. [15] [16] [17] By combining STM/STS experiments and first-principles calculations, we are able to identify a unique modification on electronic structure of graphene upon F 16 CuPc adsorption. In addition, we show that by varying the thickness of the graphene layers or the applied voltage, we can tune the adsorption and the amount of charge transfer to the molecule, which constitutes a novel approach to interfacial structure engineering and carrier control, in essence achieving controlled doping without chemical substitution.
The experiments were performed in a Unisoku ultrahigh vacuum low-temperature-STM system, which is equipped with a molecular-beam epitaxy chamber for in-situ sample preparation. EG was prepared on nitrogen doped 6H-SiC͑0001͒ substrate using solid-state graphitization. 6 Coexisting monolayer EG ͑MEG͒ and bilayer EG ͑BEG͒ surfaces were formed at the graphitization temperature T = 1300°C, on which F 16 CuPc molecules were deposited. F 16 CuPc molecules ͓Sigma-Aldrich, the schematic molecular structure is shown in the inset of Fig. 1͑a͔͒ were evaporated from a Knudsen cell onto EG at room temperature. The deposition flux rate was ϳ0.01 ML/ min. Here, 1 ML is defined as the surface coverage of the most close-packed F 16 CuPc mono- layer ͑10 13 molecules/ cm 2 ͒. STM measurement was performed at 4.8 K in the constant current mode using electrochemically etched polycrystalline W tips. The STS spectra were acquired using standard lock-in technique with a bias modulation of 20 mV ͑r.m.s.͒ at 987.5 HZ.
The first-principles calculations were performed within the framework of density functional theory ͑DFT͒ as implemented in the SIESTA CODE. 18 We use pseudopotentials of the Troullier-Martins type, the local-density approximation and hybrid Heyd-Scuseria-Ernzerhof ͑HSE͒ functional for exchange-correlation energy, and a local basis set of double polarized orbitals ͑13 orbitals for C, N, F, and O͒. An auxiliary real-space grid equivalent to a plane-wave cutoff of 120 Ry and k-point mesh of ͑8 ϫ 8 ϫ 1͒ in Monkhorst-Pack sampling is employed and spin polarization is included whenever necessary. Basis-set superposition errors are excluded in relative energies. The atomic structure is considered fully relaxed when the magnitude of forces on every atom is smaller than 0.04 eV/ Å. Figure 1 shows the adsorption behavior of F 16 CuPc on EG from submonolayer to full coverage. Preferential nucleation at lower step edges is clearly noted ͓Fig. 1͑a͔͒, indicating a van der Waals-type F 16 CuPc-EG interaction and appreciable diffusion of the molecules at room temperature. Upon completion of step edges by F 16 CuPc, random nucleation and growth of two-dimensional ͑2D͒ islands on terrace are observed when the coverage increases to 0.4 ML, as shown in Fig. 1͑b͒ . The random nucleation eventually leads to a multidomain self-assembled monolayer at 0.9 ML ͓see Fig. 1͑c͔͒ . In the high-resolution STM image ͓Fig. 1͑d͔͒, which is zoomed in from the self-assembled monolayer, each molecule is imaged as a four-lobe structure, which is in agreement with its molecular structure in Fig. 1͑a͒ . The observation indicates that the F 16 CuPc molecule adopts a flat configuration with the -plane parallel to the surface. The close-packing direction is aligned roughly with the C-C bond directions of the graphene substrate. The adsorbed molecules take primarily two orientations, denoted as ␣ and ␤ orientation, respectively ͓Fig. 1͑d͔͒. The ordering of differently oriented molecules leads to two distinct molecular rows ͓see the dashed lines in Fig. 1͑d͔͒ , and the self-assembled monolayer is thus composed of alternatively arranged ␣ and ␤ rows ͑called as ␣␤ phase hereafter͒. Similar structure was observed for F 16 CuPc on highly oriented pyrolytic graphite. 19 A major difference is that in the latter case, more molecules have the same ␣ orientation ͑called as ␣␣ phase hereafter͒. As a result, the resulted molecular density is higher ͑0.946 molecules/ nm 2 ͒ compared to the present case ͑0.874 molecules/ nm 2 ͒. The lower density in this study implies a larger amount of charge transfer occurring between molecules and the surface.
In spite of the weak interaction between F 16 CuPc and EG, the formation of multidomain monolayer implies that the diffusion is limited. Our first-principles calculations show that the diffusion barrier of F 16 CuPc on MEG is ϳ0.2 eV. More interestingly, there is an evidenced selective adsorption behavior. As shown in Fig. 1͑b͒ , ordered molecular islands are formed and randomly dispersed over certain terraces, while the other terraces are completely free of molecules. The STM images obtained from areas beneath molecular islands ͑mol-ecules can be removed by scanning at low bias͒ show strong features of MEG while bare terraces without molecule adsorption can be identified as BEG. When the surface of MEG is fully covered by increasing the coverage, the molecules eventually start to occupy the BEG surface as well. Clearly, this is not a kinetics-limited phenomenon. As discussed below, the selective adsorption arises from a subtle difference in the electronic structures of MEG and BEG.
In STS, the dI / dV spectrum measures the local electronic density of states ͑LDOS͒. In Fig. 2͑a͒ , we show the dI / dV curves of both MEG and BEG, together with their highresolution STM images ͓see the insert͔. The dI / dV curves were obtained by averaging the spectra over more than fifty locations. The carbon-rich buffer layer with a ͑6 ϫ 6͒ superstructure shows up in both STM images, and MEG exhibits a rougher surface. 17 The ϳ130 meV gap centered at 0 V ͑the Fermi energy, E F ͒, 16 which originates from the phononmediated inelastic tunneling process and agrees with the previous study, 20 indicates MEG is supported on the buffer layer via weak van der Waals forces. The Dirac point ͓E D , indicated by the arrow in Fig. 2͑a͔͒ of BEG is located at 390Ϯ 15 meV below E F . Due to the contribution of the buffer layer to the tunneling current, the E D of MEG is nearly invisible with a small dip at −550 meV. According to previous Angle-resolved Photoemission Spectroscopy ͑ARPES͒ results that the E D of MEG is 140 meV lower than that of BEG, 21 the E D of MEG is estimated to be ϳ550 meV below E F . These values are more consistent with ARPES measurements ͑−300 meV and −440 meV for BEG and MEG, respectively 21 ͒ if the photon energy of 67 meV in inelastic tunneling processes is removed from STS values. 20 However, the precise location of E D is not a focus of this paper and does not alter our main findings. The shifting toward the Fermi energy with increasing thickness is also consistent with other experiments. 17, 21, 22 We then carried out dI / dV mapping, 23 which measures the total LDOS. The result is shown in Fig. 2͑b͒ , from which we can clearly see that the LDOS of MEG is higher than that of BEG. The LDOS difference between MEG and BEG arises from the different amount of charge transfer. The EG/SiC is n-type doped due to charge transfer from the interface. 21 Because of the small interlayer screening length ͑Ͻ1.4 Å͒, the charge densities in top layer of BEG is much smaller than that of MEG.
Similar adsorption behavior has been observed when depositing CoPc molecules on Pb film surfaces. Adsorption sequence has one-to-one correspondence to the quantum-sizeeffect modulated LDOS near E F ͑details in Ref. 23͒. The F 16 CuPc molecule studied here is similar to CoPc in the structure and properties, implying the selective adsorption can occur on both Pb and graphene surfaces. We found again that higher LDOS near E F corresponds to earlier adsorption sequence. Our first-principles calculations show that the adsorption energy of F 16 CuPc on MEG and BEG is 2.3 eV and 2.0 eV, respectively. The energy difference ͑0.3 eV͒, together with the small diffusion barrier ͑0.2 eV͒, can well explain the observed selective adsorption as shown in Fig. 1 .
To understand the ordered structures, we carried out modeling of the adsorption system with first-principles DFT calculations. Supercells containing one ͑for the ␣␣ phase͒ or two ͑for the ␣␤ phase͒ F 16 CuPc molecules on isolated graphene are used with periodic boundary conditions. We considered both neutral and charged systems; the latter is invoked to model the interfacial charge transfer from the SiC substrate. For MEG and BEG, E F is approximately 0.6 eV and 0.4 eV above E D , respectively. From our first-principles calculations, this corresponds to a total charge of 0.01e and 0.005e per carbon atom. According to the unit-cell size ͑15.0ϫ 16.0 Å 2 with a vector angle of 71.5°͒ in Fig. 1͑d͒ , an incommensurate overlayer ͑or a commensurate layer with a very large unit cell͒ forms on the graphene. The modeling reveals that the best matching supercell is ͑4,3͒ ϫ ͑3,4͒, and the corresponding unit-cell size is 14.961 Å with a vector angle of 69.4°. In the following, we use this model for the ␣␣ phase while ͑4,3͒ ϫ ͑6,8͒ for the ␣␤ phase.
Our calculations show that two phases have nearly identical formation energies, and that the ␣␣ phase is only slightly favored by 0.1 eV per molecule. However, the intermolecular interaction differs significantly: it is attractive ͑ −0.27 eV͒ in the ␣␣ phase but repulsive ͑+0.23 eV͒ in the ␣␤ phase in the chosen unit cell. To reflect the real dimension in experiment ͓Fig. 1͑d͔͒, we expanded one of the cell vectors of the molecular layer by itself by 1 Å; this is a useful approach in dealing with interactions within a layer which is incommensurate with the substrate, as shown in Ref. 24 . With this change the intermolecular interaction in both ␣␣ and ␣␤ phases becomes attractive ͑ϳ0.5-0.7 eV͒. More importantly, the ␣␤ phase is found to be more energetically favored by 0.22 eV than the ␣␣ phase, in agreement with experiment. Our calculations for a smaller or larger expansion of the molecular layer cell vector give the same trend. Therefore, it is a delicate balance between F 16 CuPc-EG interaction and the intermolecular attraction that gives rise to the observed ␣␤ phase.
The STS of F 16 CuPc molecules adsorbed on MEG and BEG, shown in Fig. 2͑c͒ , provide valuable insight to the electronic interaction between the molecule and EG. The lowest unoccupied molecular orbitals ͑LUMOs͒ of F 16 CuPc exhibit distinct features on both MEG and BEG. For example, on MEG, in addition to the sharp peak at 0.44 eV three to four resonancelike peaks evenly separated by ϳ0.2 eV show up at higher energies, which will be discussed later. Another significant feature in Fig. 2͑c͒ is that the LUMOs of F 16 CuPc on MEG shift by 0.17 eV toward E F compared to that on BEG, implying that the charge transfer occurs between F 16 CuPc and EG. Our DFT calculations indicate that the LUMOs of F 16 CuPc remains constant with respect to E D for both MEG and BEG. However, the E F is shifted by 0.2 eV toward E D from MEG to BEG, which can account for the upshift of 0.17 eV of LUMOs with respect to E F in BEG ͓Fig. 2͑c͔͒. Figure 3 displays the calculated electron densities. From corresponding DOS plots we find that the HOMOs and LUMOs are located at ϳ1.2 eV below and ϳ0.4 eV above E F , respectively, yielding an energy gap of ϳ1.6 eV ͓Fig. 2͑c͔͒. We find that for neutral systems the E F is 40 meV below the E D of graphene and the LUMOs of F 16 CuPc are partially occupied, indicating a charge-transfer effect. From electrondensity differences induced by F 16 CuPc adsorption in Figs. 3͑a͒-3͑c͒, it is clear that the p z orbitals of both graphene and the molecule are mainly involved in the strong interaction. Integrating the charge-density difference along the surface normal to the graphene plane shows a net charge transfer of approximately 0.1e from graphene to molecule ͓Fig. 3͑d͔͒, which is mainly distributed around the central Cu atom and the F-substitutional phenyl rings on the perimeter of the molecule. It leads to an electron depletion in p z orbitals and a charge accumulation in ‫ء‬ orbitals of the base plane of graphene ͑especially beneath the phenyl rings͒. When the system is negatively charged by 0.4e ͑0.8e͒ to reflect the effect of SiC substrate on BEG ͑MEG͒, the net charge transfer will increase to 0.32e ͑0.57e͒ by the same analysis ͓Fig. 3͑e͔͒. In contrast, the positively charged graphene by 0.4e will introduce opposite electron transfer of 0.06e from F 16 CuPc to graphene ͓Fig. 3͑e͔͒. This provides a convenient way to control molecule-graphene charge transfer by applying bias on graphene ͑charging effect͒ or even by simply changing the thickness of EG. Thus, we have demonstrated not only selective molecular adsorption on graphene, but also that electronic couplings can be tailored through this approach, which is of critical importance for surface patterning, carrier control, and nanoelectronics. The resulting STM images simulated from DFT ͑Fig. 3͒ are in great agreement with the experiment ͓Fig. 1͑d͔͒. Hence, the -orbital hybridization and charge-transfer account for the main character of the F 16 CuPc-graphene interaction.
Our calculations reveal that the F 16 CuPc LUMOs have four degenerate molecular orbitals ͑two spin-up and two spin-down͒, and a spin-down orbital which is 0.7 eV higher in energy ͓Fig. 2͑c͔͒. The latter may correspond to the peak at 1.09 eV in STS. As for the multipeak STS spectra, we can first rule out the following possibilities: ͑i͒ F 16 CuPc anions, which have charges Ն−1, do not give rise to a similar pattern in LUMO energies. ͑ii͒ 2D free electron proposed in Ref. 25 is not applicable since the energy splitting will be smaller than 30 meV for a molecular island with diameters of Ͼ20 nm. ͑iii͒ From band-structure calculations, dispersion of the flat LUMO bands is Ͻ0.1 eV even the F 16 CuPc lattice is compressed/expanded by as much as 10%. The lattice compression/expansion cannot account for the STS data. ͑iv͒ Different molecular orientations can also give rise to a splitting. But it is usually smaller than 0.1 eV. We therefore speculate that the additional features in STS come from local molecular vibrations excited by the tunneling current, particularly the C-N-C stretching, which has an energy of 0.191 eV. 26 Vibrational excitations at ϳ61-104 meV were indeed observed in the STS measurement of similar moleculeCuPc on Al 2 O 3 / NiAl ͑110͒.
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Our study also reveals a prominent modification of the electronic states of EG by F 16 CuPc molecule. The series of dI / dV curves shown in Fig. 4͑a͒ were obtained at three different locations ͑A, B, and C͒ on BEG near an F 16 CuPc island ͓see the insert STM image͔. For comparison, the dI / dV spectra ͑the black curve͒ of the bare BEG is also shown. The E D of BEG does not show any noticeable change ͓see the dashed line͔. It is not surprising because the electron depletion region in graphene is centered around the molecule and the charge transfer is small ͑0.3e͒. Due to screening effect, the charge-density change near the molecule is too small to induce obvious shift in E D . A new observation is the peak near the E F at the location very close to the island edge ͑curve C͒. To understand the origin of this peak, we compare the DOS of bare graphene with that of the present system in Fig. 4͑b͒ . The DOS of graphene is greatly changed upon F 16 CuPc adsorption: the major peak at 2.3 eV below E D is significantly reduced and more states show up at 1.8 eV below E D ͑not shown͒. In addition, a small feature shows up at ϳ0.4 eV above E D , which agrees well with the new peak in Fig. 4͑a͒ . This result indicates that the electronic states of graphene are modified upon F 16 CuPc adsorption, which destabilizes p z bonding states and introduces extra unoccupied states, consistent with the charge-density analysis in Lower panels: ͓͑a͒ and ͑b͔͒ top view and ͑c͒ side view of the charge-density difference upon F 16 CuPc adsorption on graphene at contour levels of Ϯ0.003 e / Å 3 . The blue/black and red/gray clouds correspond to regions with electron accumulation and depletion, respectively. ͑d͒ The plane-averaged charge-density difference along the surface-normal direction of graphene for the neutral system ͑black line͒ and a system charged by −0.4e ͑gray line͒. Horizontal dashed lines indicate the position of graphene layer and F 16 CuPc. ͑e͒ The amount of electron transfer from graphene to F 16 CuPc as a function of applied bias V on graphene. Cases at V = 0.39 V and 0.55 V correspond to BEG ͑n =2͒ and MEG ͑n =1͒, respectively, where n is the number of graphene layers on SiC. is in a range from 1 to 2 nm, and the charge is delocalized to some extent. Therefore, homogeneous doping of graphene can indeed be achieved by appropriate molecular adsorption.
In conclusion, we have demonstrated the adsorption behavior of F 16 CuPc on EG/SiC͑0001͒ and its influence on the electronic structure of EG. By varying the layer thickness, selective adsorption on MEG is achieved and analyzed in terms of electronic effects, specifically the LDOS ͑E F ͒. Through these features, the interface charge transfer can be engineered in a controllable fashion. We show that the electronic states of graphene are modified via introducing extra unoccupied states and tunable electron couplings.
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